A cavity coupling, a charged nanodot, and a fiber can act as a quantum interface, through which a stationary spin qubit and a flying photon qubit can be interconverted via a cavity-assisted Raman process. This Raman process can be made to generate or annihilate an arbitrarily shaped single-photon wave packet by pulse shaping the controlling laser field. This quantum interface forms the basis for many essential functions of a quantum network, including sending, receiving, transferring, swapping, and entangling qubits at distributed quantum nodes as well as a deterministic source and an efficient detector of a single-photon wave packet with arbitrarily specified shape and average photon number. Numerical study of errors from noise and system parameters on the operations shows high fidelity and robust tolerance. DOI: 10.1103/PhysRevLett.95.030504 PACS numbers: 03.67.Lx, 42.50.Pq, 78.47.+p, 78.67.Hc Quantum networks composed of local nodes and quantum channels are essential for quantum communication and desirable for scalable and distributed quantum computation [1, 2] . Spins in quantum dots [3] or stable levels of atoms or ions [4, 5] are good candidates for stationary qubits which can be locally stored and manipulated [6 -8]. Photons in optical fibers or waveguides are ideal flying qubits for carrying quantum information between the local nodes. A quantum interface interconverting local and flying qubits is the key component of the quantum network. A recent experiment demonstrating entanglement between photon polarizations and states in an atom [9] represents a breakthrough in this direction. Another milestone toward quantum networks is the proposal of Cirac et al. based on cavity-assisted Raman processes [10] , which employs time-symmetrical carrier pulses and mutually timereversed operations at two nodes to transfer a qubit state from one node to another. This Letter proposes a general control scheme of a spinphoton quantum interface, of which the time symmetric scheme of [10] and the adiabatic scheme of [11] form special and approximate cases. It also presents the operation and error analyses of a semiconductor quantum dotwaveguide interface coupled by a cavity, a basis for a solidstate quantum network.
Quantum networks composed of local nodes and quantum channels are essential for quantum communication and desirable for scalable and distributed quantum computation [1, 2] . Spins in quantum dots [3] or stable levels of atoms or ions [4, 5] are good candidates for stationary qubits which can be locally stored and manipulated [6 -8] . Photons in optical fibers or waveguides are ideal flying qubits for carrying quantum information between the local nodes. A quantum interface interconverting local and flying qubits is the key component of the quantum network. A recent experiment demonstrating entanglement between photon polarizations and states in an atom [9] represents a breakthrough in this direction. Another milestone toward quantum networks is the proposal of Cirac et al. based on cavity-assisted Raman processes [10] , which employs time-symmetrical carrier pulses and mutually timereversed operations at two nodes to transfer a qubit state from one node to another.
This Letter proposes a general control scheme of a spinphoton quantum interface, of which the time symmetric scheme of [10] and the adiabatic scheme of [11] form special and approximate cases. It also presents the operation and error analyses of a semiconductor quantum dotwaveguide interface coupled by a cavity, a basis for a solidstate quantum network.
We note that the state-transfer process proposed in Ref. [10] can be separated into two steps: the sending operation at one node which maps a stationary qubit into a flying qubit by the evolution C g jgi C e jei jvaci ! jgi C g jvaci C e jti and the receiving operation at another node which maps the flying qubit into a stationary one, where jgi and jei are the stationary qubit states and the flying qubit is represented by the vacuum state jvaci and a single-photon state with wave packet t. We will show that both the sending and receiving processes can be independently controlled by shaping the laser pulses. Two aspects of the process are controllable: the production of an arbitrarily shaped pulse provided that it is sufficiently smooth and the operation of the Raman process as a partial cycle, in which the initial state jei jvaci is mapped into an entangled state cosjei jvaci sinjgi jti for any 2 0; =2.
With such controllability in hand, this quantum interface can accomplish many essential functions of a quantum network: (i) It can send a flying quantum state and can also function as a deterministic source of single photons with arbitrary pulse shape and controllable photon number.
(ii) It can receive a flying quantum state, being an efficient single-photon detector provided that the incoming photon pulse shape is known. (iii) The sending and receiving processes combined transfer a state from one node to another. (iv) An incoming flying qubit may be swapped with a stationary qubit which enables the swap of two remote qubits. (v) An entangled state of the stationary and flying qubits is produced in a partial Raman cycle. (vi) Two stationary qubits separated by a large distance are entangled when the photon state generated by the partial Raman cycle is mapped into a stationary qubit. The extension to a network of these nodes connecting small optical computers of spin qubits in dots [6 -8] is straightforward and will be published later.
The basis for the physical implementation of our proposal of a node is formed by a substantial list of recent experimental advances on optical manipulation of excitons in single nanodots [12] , nanodot-microsphere coupling [13] , cavity-fiber coupling [14] , fabrication of high-quality microcavities and waveguides, both on semiconductor surfaces [14] and in photonic crystals [15, 16] , and especially the very recent findings of vacuum Rabi splitting of nanodots embedded in such cavities [17, 18] . The duration of a typical operation in the node is shown below to be of the order 100 ps, consistent with the theoretical estimates of optical operations on spin qubits in dots for network purposes. The speed and pulse shaping may well be within the capability of the existing ultrafast optics.
The prototype quantum interface is made up of a high-Q microcavity coupling, a quantum dot, and a waveguide (e.g., a fiber), such as is shown in Fig. 1(a) . Lowering of the Q of the cavity due to the strong coupling with the waveguide is part of the process and has no deleterious effect on the quantum operation. The detailed optical process is depicted in Fig. 1(b) . The qubit is represented by the two spin states jgi and jei which have split energies ! g and ! e in a static magnetic field normal to the optical axis of the dot. The lowest two optically excited states are two spin states of a heavy hole plus a singlet of two electrons, known as trion states jti and j ti, with energies ! t and ! t respectively. The linear optical polarizations are chosen [19] such that the cavity mode of frequency ! c couples with strength g cav only to the transitions jgi ! jti and jei ! j ti, and the controlling laser of central frequency ! L and complex Rabi frequency t couples only to the cross transitions jgi ! j ti and jei ! jti. The laser light and cavity mode satisfy the resonance condition: ! L ! e ! c ! g ! t . By the Zeeman splitting and the selection rules, the trion state j ti is off resonant to the laser light and the cavity mode (shown by dashed lines in the figure). The cavity mode is coupled to the waveguide continuum by the coupling constant .
At a sending node, the Raman process consists in first the laser field resonantly exciting the spin state je; 0i to the trion state jt; 0i, then the trion state resonantly coupled to the cavity state jg; 1i, which finally is rotated to the spin state jg; 0i forming a photon wave packet in the waveguide. The receiving node is just the time-reversed process. Undesirable dynamics involving the state j ti is eliminated by making the Zeeman splitting sufficiently larger than the cavity-dot coupling and the Rabi frequency. The resultant optical process is the cavity-assisted resonant Raman process in a -type three-level system shown in Fig. 1(c) . Then for any shape of the single-photon wave packet in the waveguide, an analytical solution of the pulse shape of the laser field may be found. With this analytically obtained laser pulse shape as the controlling input, numerical calculations including the nonresonant transitions and realistic decoherence have been performed and high fidelity of desired operations at the quantum interface is demonstrated.
We first present the analytical solution of the laser pulse for the controlled Raman transition converting a spin qubit state C g jg; 0i C e je; 0i jvaci to a flying photon state jg; 0i C g jvaci C e jti. Throughout the optical process in the simplified system in Fig. 1(c) , the state jg; 0ijvaci does not mix with the subspace with basis fje; 0ijvaci; jt; 0ijvaci; jg; 1ijvaci; jg; 0ij!ig, where j!i denotes the one-photon Fock state of the waveguide mode with frequency !. Hence, the state of the system at any time has the form C g jg; 0ijvaci C e j e ti, where j e ti e tje; 0ijvaci t tjt; 0ijvaci
Within the Weisskopf-Wigner approximation, the equation of motion for the resonant Raman process in the interaction picture can be derived as
where 2jj 2 gives the cavity damping rate, and
with t 1 ! 1 are the incoming and outgoing pulse of the photon in the quantum channel, respectively. The quantum fluctuation caused by the quantum channel is on the order of =! c 1 and, thus, the Weisskopf-Wigner approximation is well justified here, though it can be shown to be unnecessary.
In the process of mapping the spin qubit to the photon qubit, there is no incoming photon, so the initial conditions are in t 0, c t 0 0, e t 0 1, and t t 0 0. In the driven quantum evolution, the amplitude is coherently transferred through the pathway: e ! t ! g cav c ! ! . Three features make the design of the evolution possible: (i) From Eqs. (1c) and (1d), the cavity mode coefficient c is a direct map of the photon pulse shape, c out sin= 2 p , where the normalized photon pulse shape out and the average photon fraction sin 2 may be arbitrary specified, and the trion state coefficient is given by t ÿ _ c ÿ c =2=g cav .
(ii) The amplitude of e is given by the normalization condition and its phase can be expressed from Eq. (1) as 
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At the remote future t 1 ! 1, the photon emission process is completed, i.e., c t 1 _ c t 1 0, so e t 1 e i cos with the controllable phase independent of the initial superposition [see Eq. (2)].
When the full Raman transition is completed, =2 and e t 1 0. Thus, the spin qubit is mapped onto the flying qubit by the transformation
The mapping operation also functions as a deterministic generation of a single-photon wave packet with any desired pulse shape out and average photon number jC e j 2 . The Raman process at the receiving node is basically the time reversal of the above sending process. The incoming photon pulse in t can be arbitrarily specified provided that it is smooth enough, and the photon is absorbed without reflection. As the spin state converted from the photon state can be read out nondestructively [20] , the receiving node can also act as an efficient photon detector which measures the photon number state given the photon pulse shape is known.
The Raman cycle at the sending node can also be controlled such that < =2. The initial state jei jvaci is transformed into an entangled state of the stationary spin and the flying photon and the mapping process at the receiving node will just produce a nonlocally entangled state of the two spins by the transformation
The entanglement entropy ÿcos 2 log 2 cos 2 ÿ sin 2 log 2 sin 2 can be set any value between 0 and 1 depending on the rotating angle . Although Eqs. (1c) and (1d) contain terms which yield exponential dependence on time, they are time reversible with each other. Thus, contrary to the usual view of a continuum being a source of dissipation and decoherence, the controlled general swap between a spin qubit and a photon wave packet qubit is actually a reversible quantum operation. It follows that, by proper design of the driven term t at each node, entanglement operation between two distant spin qubits mediated by a photon continuum is possible.
The error of the quantum operations described above is estimated in terms of fidelity by numerical simulations including the undesired nonresonant dynamics and unavoidable decoherence. The main source of decoherence is the trion decay by spontaneous emission and the cavity mode leakage other than the dynamics accounted above. The fiber loss and the spin relaxation are negligible on the time scale of 100 ps and the distance scale of 1 cm of relevance here. The trion decay rate, based on experiment [21] , is set at ÿ 3 eV, and the intrinsic loss rate of a high-Q cavity excluding coupling to the dot and the fiber is assumed to be 0 0:1 eV (corresponding to a Q factor 10 7 ). The cavity-fiber tunneling rate is chosen to be 0:2 meV and the dot-cavity coupling constant g cav 0:1 meV. The remaining sources of error are the nonresonant excitation of the multiphoton states and AC Stark shift of the energy levels. The latter induces a deterministic phase drift between jgi and jei, which is independent of the coefficients C ge as the two excitation pathways starting, respectively, from jgi and jei are independent of each other [see Fig. 1(b) ], and thus can be compensated by a single-qubit operation. Leakage out of the qubit subspace by the nonresonant excitation to multiphoton states is greatly suppressed by a 1 meV Zeeman splitting (at less than 10 T magnetic field for InAs dots), which is much larger than the Rabi frequency and the cavity-dot coupling.
We present in Fig. 2 the simulation result of mapping a spin state to a flying photon wave packet with the pulse shape targeted as a superposition of two sech functions as ideal out t secht=6 5 0:5 secht=6 ÿ 5, with normalization understood. The fidelity of the photon pulse generation jh ideal out j out ij 0:9912. Because of the nonadiabatic optical pumping and dot-cavity coupling, the whole mapping process can be completed within 300 ps. The simulation of the photon absorption process shows an overall fidelity greater than 0.99 as well.
We have compared the merits among different target photon pulse shapes for various network operations. The fast diminishing tails of the Gaussian pulse tend to require a higher peak value of t than the exponential tails of the sech pulse and, thus, cause more nonresonant excitations (i.e., undesired dynamics) than the latter. On the other hand, deviation from the target shape at the tail region of the photon pulse has a negligible effect on the fidelity of interface operations as compared to nonresonant excitation; thus tuning down t at the tail region can make the Gaussian pulse more efficient for achieving fidelity. Table I shows the results of a comparative study of the merits of the photon pulse in the sech shape, the Gaussian, and an asymmetric shape with sech on the rise and Gaussian on the fall, mediating entanglement of two spin qubits to the Bell state e i jgi 1 jei 2 jei 1 jgi 2 . The merits calculated are the fidelity, the entanglement of formation E qubit in the subspace of the two spin qubits, and the probability of leakage out of this subspace, P leak .
In the preceding analysis, exact knowledge of the coupling strengths, g cav ; , and t, is assumed. Table II shows the effect of the unknown errors in the various parameters on the fidelity of entanglement to e i jgi 1 jei 2 jei 1 jgi 2 and transfer of the jgi jei state both with the photon pulse shape sech t 6 . Our system shows a surprising robustness: 10% errors on g cav ; , or jtj reduce the fidelity by less than 1%. t can also have unknown phase error due to laser fluctuation which can be considered static in the time scale of our operation. What matters in two node operations is the relative phase between 1 t and 2 t ÿ where is the propagation delay. This property enables us to protect network function by a delayed phase locking of the control field at the two nodes. Laser phase fluctuation will then induce no effect on the state transfer or swap and the entanglement creation scheme.
In summary, controllable and high-fidelity quantum operations for stationary spin and flying photon qubits, based on a cavity-assisted Raman process, are shown to be theoretically feasible with solid-state elements including charged quantum dots, microspheres (or microcavities), and waveguides (or fibers). The control scheme presented may be applied to systems in very different parameter regimes, e.g., ions trapped in cavity [22] , with the requirement of node identity removed, greatly saving the resources to implement the quantum network. The exact solution also allows learning studies on the system parameters while the intrinsic robustness against unknown parameter errors paves the way for further exploration of quantum feedback control [23, 24] for this system. This Work was supported by NSF DMR-0099572, ARDA/ARO DAAD19-02-1-0183, and QuIST/AFOSR F49620-01-1-0497. 
